MicroRNAs (miRNAs) play crucial roles in multiple stages of plant development and regulate gene expression at posttranscriptional and translational levels. In this study, we first identified 238 conserved miRNAs in date palm (Phoenix dactylifera) based on a high-quality genome assembly and defined 78 fruit-development-associated (FDA) miRNAs, whose expression profiles are variable at different fruit development stages. Using experimental data, we subsequently detected 276 novel P. dactylifera-specific FDA miRNAs and predicted their targets. We also revealed that FDA miRNAs function mainly in regulating genes involved in starch/sucrose metabolisms and other carbon metabolic pathways; among them, 221 FDA miRNAs exhibit negative correlation with their corresponding targets, which suggests their direct regulatory roles on mRNA targets. Our data define a comprehensive set of conserved and novel FDA miRNAs along with their expression profiles, which provide a basis for further experimentation in assigning discrete functions of these miRNAs in P. dactylifera fruit development.
Introduction
Date palm (Phoenix dactylifera L.), as a socio-cultural symbol for the Arabian Peninsula (Saudi Arabia and Gulf countries), has a long agriculture history [1] and is also an economically important food crop in tropical and subtropical regions. Its major edible part is its ripe fruit or the date that contains a large amount of monosaccharides and has high nutritional value [2] . The P. dactylifera date development and ripening is a complex process, including a long period from the initial pollination for fruit set to the terminal sugar-rich stage, during which its major metabolic mechanisms undergo a complex series of physiological events, such as carbon fixation, starch hydrolysis and synthesis, and glucose and fructose accumulation. The starch accumulated in the early stages eventually converts into easily-absorbed small sugar molecules, mostly monosaccharides, at the late stages, which include fructose, sucrose, and glucose [3] . It has been reported that several key enzymeencoding genes, such as pyruvate kinase, glucosidase, synthase/ phosphate synthase, and trehalose 6-phosphate synthase/phosphatase, play crucial roles in the P. dactylifera fruit development and ripening [3] [4] [5] . However, upstream regulators of these key genes, such as miRNAs, have yet to be studied in the species and in details.
MicroRNAs (miRNAs) are a class of endogenous small non-coding RNAs (20 to 24 nt in size), which are derived from single-stranded precursors that form a stem-loop secondary structure and common among animals, plants, and even viruses [6, 7] . MiRNAs regulate gene expression by binding to their complementary sequences, leading to either cleavage-induced degradation or translational repression of their target transcripts [8] . MiRNAs have been studied in plants since 2002 and known to play important regulatory roles in plant hormone homeostasis [9] , stress responses [10] , and diverse developmental processes, including seed development, meristem and lateral organ development, root initiation, flowering and sex determination, fruit development, timing and phase transitions [11, 12] . Since the first discovery of miRNAs from Arabidopsis in 2002 [13] , plant miRNAs from various species have been intensely studied through both experimental and computational approaches. A recent update has pointed out that there have been 21,264 miRNAs discovered from 193 species and 5943 of them are plant in origin (miRBase, Release 19.0, August 2012) [14] . These plant-specific miRNAs include 713 from Arabidopsis, 721 from Oryza, 374 from Populus, and 719 from Medicago truncatula, and the rest are mostly from a dozen or so other plant species.
The P. dactylifera (Pd) genome has been sequenced [4, 15] , and its high-coverage sequences and the genome assemblies facilitate many aspects of genome-wide studies that include miRNA identification. Furthermore, the study of transcriptomic profiles for its fruit development and ripening allows direct comparison between miRNAs and their target genes expression [3, 4] . In this study, we use a combined strategy-computational prediction and experiment identification-to study P. dactylifera or Pd miRNAs. In the computational approach, we use several filters based on known characteristics of plant miRNAs [13, 16] . In the experimental approach, we sequence 6 small RNA libraries from different P. dactylifera fruit development stages, using the next-generation sequencing platforms. We correlate the miRNA expression profiles to their corresponding transcriptome from our previous studies of the P. dactylifera fruit development stages and find a clear negative correlation between most miRNAs and their target gene transcripts. Several important miRNAs are up-regulated during fruit development and ripening, and the mRNA targets of these fruit-development-associated (FDA) miRNAs are found involved in carbon metabolism, such as starch and sucrose metabolisms, and our results suggest that miRNA may play critical roles in regulating sugar accumulation and conversion, which are key transitional events to fruit ripening. Our genome-wide Pd miRNA characterization provides novel insights into the dynamics of miRNAs in regulating fruit development and evidence for understanding gene regulation in fruit development and ripening.
Results

Prediction of conserved miRNAs in P. dactylifera genome
In the plant kingdom, a substantial number of miRNAs are highly conserved in different lineages, ranging from mosses and gymnosperms to angiosperms. Such homologous miRNA families are also typically function-conserved and play essential regulatory roles across plant taxa [17] . Sequence and structure homologies are the central theory of computing-based approaches for miRNA prediction, and many computational methods and protocols have been developed to date [18, 19] . We obtained 5943 known mature miRNA sequences from the miRBase (Release 19.0 August 2012) [14] and searched them against the P. dactylifera genome assembly put together by our group. The effort yielded 238 potential Pd miRNAs, which belong to 54 miRNA families (Supplementary Table S1 in Ref. [20] ). Of the 54 miRNA families, the miR169 family is the largest with 24 members, similar to what has been observed in other plant species [21, 22] . We have 6 other families, miR171, miR156, miR164, miR167, miR172 and miR529, whose members per family are all greater than 10 ( Fig. 1A) . Among the 54 miRNA families, 19 are highly conserved (more than 10 species including Arabidopsis and rice) among many plant species, of which 8 families (miR156, miR159, miR160, miR166, miR167, miR171, miR172, and miR396) are present in more than 30 monocots and dicots, whereas the other 35 show less evolutionary conservation (less than 10 species) (Fig. 2) . Interestingly, several dicot-associated miRNAs (including miR391, miR479, miR828, miR845, miR856, miR1511, miR1918, miR2673, miR5225, miR5645, miR6034, and miR6150) are identified in P. dactylifera which is actually a monocotyledon plant but a rather primitive one according to plant systematics. Moreover, miR536, which is only identified in the lower plants, Physcomitrella patens (bryophyte) and Selaginella moellendorffii (lycophyte) (Fig. 2) , is found for the first time in an angiosperm. These data suggest that the Pd miRNAs are both specific and complex.
The length of the 238 predicted conserved miRNAs ranges from 18 to 24 nt, where 21-nt miRNA takes the majority (43.28%), followed by the 19-nt (16.80%), 22- (2.10%), and 24-nt (1.68%) miRNAs (Fig. 1B) . The predicted precursor sequences have a length range from 60 nt to 230 nt, and all are able to form the typical stem-loop structure with the mature miRNA on one of its secondary-structure-defined arms ( Supplementary Fig. S1 ). We identified 128 (53.78%) and 110 (46.22%) miRNAs on the 3′ and 5′ arms, respectively, and those of the same family are not necessarily found on the same arm of the pre-miRNAs (Supplementary Table S1 in Ref. [20] ). Further analysis showed that about half (109 miRNAs) of the predicted conserved mature Pd miRNA sequences began with uracil (U) (Supplementary Table S1 in Ref. [20] ), and the specificity is consistent with previous results in other plants [21, 23] , due to the high-affinity of AGO proteins to U in the 5′ terminus of mature miRNA sequences.
Identification of novel Pd miRNAs involved in fruit development and ripening
To investigate the dynamics of miRNAs during P. dactylifera fruit development and ripening, we performed miRNA sequencing using samples from various developing and ripening fruits collected, which are divided into six stages: 0 DAF (days after fertilization), 15 DAF, 45 DAF, 75 DAF, 105 DAF, and 120 DAF. From the six independentlyconstructed small RNA libraries, we generated 67 to 87 million reads per library for the analysis (Supplementary Table S2 in Ref. [20] ). Based on the sequencing data, we identified 78 conserved miRNAs that are expressed in at least one of the six libraries (Supplementary  Table S3 in Ref. [20] ); 87% (68) are shared by all six libraries and 91% (71) have both miRNA and miRNA* (the complementary strand to the mature miRNA) sequences.
One of the most important advantages of high-throughput sequencing is its usefulness in detecting novel miRNAs. Having set the criterion, where a miRNA candidate must have its miRNA* in at least one of the libraries or the mature sequence should be detected from more than two libraries, we identified 276 novel miRNAs associated with P. dactylifera fruit development and ripening (Supplementary Table S4 in Ref. [20] ), of which 251 are expressed in all six libraries. The precursors of these novel miRNAs can be folded into the typical secondary structure by using RNAFold. Six of these novel miRNAs are selected for demonstrating their secondary structures (Fig. 3A) , and we also confirmed their expressions using stem-loop RT-PCR. As a result, all the selected novel miRNAs are expressed in P. dactylifera fruits, and it suggests the effectiveness of our computational methods (Fig. 3B) . The novel Pd miRNAs have a narrow length distribution of 20-25 nt, and we subsequently named them as pda-nov-miR + number (e.g., pda-nov-miR001) temporarily before obtaining their official accessions in the public databases.
Target prediction of conserved and novel miRNAs in P. dactylifera
The major challenge in revealing the function of a miRNA is to identify its regulatory target(s). Plant miRNA often shows perfect or near-perfect sequence complementarity to its targets [24, 25] , which allows effective target prediction based on computational approach. Using a web server, psRNATarget, and its default parameters, we identified 1135 potential targets for 167 conserved miRNAs (Supplementary  Table S7 in Ref. [20] ) and 795 potential targets for 199 novel miRNAs (Supplementary Table S8 in Ref. [20] ) in P. dactylifera. KEGG analysis showed that these target genes participate in many biological pathways, such as starch and sucrose metabolism, glycolysis/gluconeogenesis, amino sugar and nucleotide sugar metabolism, citrate cycle (TCA cycle), fructose and mannose metabolism, and carbon metabolism (Supplementary Table S10 in Ref. [20] ); many of these targets are conserved among various plant species, suggesting conserved regulatory roles. Among the pool of conserved targets, its majority are transcription factors [26] , whereas others are associated with plant metabolism and response to environment stresses. These results are similar to those reported previously in other plant species, such as Arabidopsis, rice, corn, soybean, cotton, and tomato [11, 24, 27, 28] . For examples, we found many transcription factors including SBP, ARF, NAC, MYB, HD-ZIP, GRAS, and AP2 as targets of miR156, miR160, miR164, miR159, miR166, miR171, and miR172 in P. dactylifera, respectively (Table 1 in Ref. [20] ). In addition to the conserved transcription factors, several new targets related to sugar metabolism are also identified, including trehalose 6-phosphate synthase/phosphatase, pyruvate kinase, malate dehydrogenase, frutokinase, cysteine synthase A, serine O-acetyltransferase, and pyrophosphate-fructose-6-phosphate 1-phosphotransferase; all suggest regulatory roles in various metabolic pathways in P. dactylifera fruit development.
MiRNA expression profiles during fruit development and ripening
High-throughput sequencing data not only provide identity of miRNAs but also information of their expressions, especially for some with a low expression level. We identified 78 conserved and 276 novel miRNAs in P. dactylifera, which are expressed in the six libraries (Supplementary Table S3 in Ref. [20] ). To determine which miRNAs are actually involved in fruit development and ripening as fruitdevelopment-associated or FDA miRNAs, we identified 268 differentially expressed (DE) miRNAs (fold-change ≥ 2; P ≤ 0.001) between every two adjacent libraries by comparing the normalized expression data of the 354 expressed miRNAs (including 78 conserved and 276 novel miRNAs; Table 1 ). We also clustered these DE miRNAs based on STEM (short time-series expression miner) [29] , where 137 out of the 268 DE miRNAs were clustered into six expression patterns ( Fig. 4 ; Supplementary Table S5 in Ref. [20] ). There are many expression profiles identified to have different dynamics regarding to developmental timing (Fig. 4B) . To validate some of the expression profiles experimentally, we 
Expression correlation analysis between miRNAs and their corresponding targets
In general, expressions of most miRNAs are negatively correlated with their corresponding targets [30] . Information from our previous study of transcriptomic profiles for P. dactylifera fruit development and ripening allows the direct comparison between miRNAs and their targets' expression [3, 4] . We correlated the expression of all expressed miRNAs, including 78 conserved miRNAs and 276 novel miRNAs, to that of their corresponding targets. Together, 579 out of 995 targets show negative correlation with their corresponding miRNAs (221 miRNAs) (Supplementary Fig. S2A; Supplementary Table S1 ), and such correlation suggests that a majority of the miRNAs are potentially involved in guiding the degradation of their target transcripts in the process of fruit development as FDA miRNAs. This result is very similar to that of rice grain filling reported recently [9] .
We next applied gene ontology (GO) and KEGG pathway analyses to functionally categorize the miRNA targets. GO analysis showed that the genes annotated to the top scoring terms were mainly involved in developmental processes, cell differentiation and death, and regulation of cellular process (Table 2A , p b 0.01). Other terms include genes responsible for stimulus response, catalytic activity, and protein binding. The KEGG enrichment analysis revealed 5 pathways to be overrepresented (Table 2B , p b 0.05), one of which was related to starch and sucrose metabolism. These data clearly indicated that these targets were involved in fruit development and ripening, suggesting that miRNAs play important regulatory roles in the date formation and ripening.
In our data, the expression of pda-nov-miR110 is negatively correlated with its corresponding target-pyruvate kinase (XM_008804402 in NCBI), a key enzyme involved in glycolysis and contributes to the glucose and fructose accumulation in dates (Fig. 6A) . In another case, the transcript of beta-glucosidase (XM_008777200), a glucosidase enzyme involved in starch and sucrose metabolism, is negatively correlated with the level of pda-nov-miR204 (Fig. 6B) . Beta-glucosidase mainly catalyzes the hydrolysis of terminal non-reducing residues in beta-D-glucosides with the release of glucose [31] , which contributes to the accumulation of glucose in the date. Another target involved in starch and sucrose metabolism, trehalose 6-phosphate synthase/ phosphatase (XM_008794068), showed negative correlation with its corresponding miRNA pda-miR414 (Fig. 6C) . Trehalose 6-phosphate synthase/phosphatase functions by catalyzing the transfer of glucose from UDP-glucose to glucose-6-phosphate and contributing to the glucose accumulation at late date developmental stages. A negative correlation is also observed between pda-nov-miR243 and its target serine O-acetyltransferase (XM_008791140), an enzyme involved in carbon and sulfur metabolisms (Fig. 6D) .
In addition, we identified two well-known transcription factors, AP2 and SBP [11] , which showed coordination with the expression of their corresponding miRNAs. AP2 plays a major role in the regulation of tomato fruit ripening, and its expression has been reported to be negatively regulated by corresponding miRNA [32, 33] . In our data, two novel miRNAs, pda-nov-miR049 and pda-nov-miR111, all showed negative correlation with AP2 expression; the AP2 expression was fluctuated from 75DAF to 120DAF (Fig. 6E) . SBP transcription factor has been shown to inhibit tomato fruit ripening [12, 34] . In P. dactylifera, SBP expression is negatively correlated with all its corresponding miRNAs, and its expression exhibited a gradual decrease from 75DAF to 120DAF (Fig. 6F) .
Although a miRNA and its target mRNAs are expected to show negative correlation, many studies have reported that this may not always be the case [9, 35] . In our data, we observed examples of such cases. For instance, the expression of pda-nov-miR044, pda-novmiR166, pda-nov-miR168, pda-nov-miR178, pda-nov-miR197, pdanov-miR213, and pda-nov-miR228 is positively correlated with their targets (Supplementary Fig. S2B ; Supplementary Table S1), which may be due to a similar feedback regulation between co-expressed miRNAs and their targets as previously reported in Arabidopsis and rice [9, 35] . However, the concrete molecular mechanisms of these examples remain to be demonstrated experimentally in details.
Discussion
MiRNAs as a new class of regulatory factors have attracted much attention in recent studies, especially in plants, and many studies have been devoted to investigating the miRNA regulatory metabolisms underlying different plant developmental processes, such as grain development in rice and fruit development in tomato. There have been 5943 miRNAs belonging to 67 plant species reported in miRBase (release 19.0), and it has not accommodated a relatively thorough collection from P. dactylifera. In this study, we took a combined approach of bioinformatic prediction and high-throughput sequencing to characterize conserved and novel miRNAs and to categorize their expression pattern involved in P. dactylifera fruit development and ripening. The transcriptomic study of the same time-series multistaged samples during fruit development allows a direct correlation analysis between miRNAs and their corresponding targets. Our study revealed miRNA dynamics for P. dactylifera fruit development and ripening, paving a way for further studies on gene regulation and control mechanisms.
Identification of conserved miRNAs in P. dactylifera
Conserved miRNA families can be computationally predicted due to their high conservation and widespread presence among plant species [17] . In our study, 238 conserved miRNAs belonging to 54 miRNA families were predicted based on computational methods, much more than what has been reported [36] . In the previous report, 21 conserved miRNA families from miRBase (release 19.0) supported by an early P. dactylifera genome assembly [15] were used to identify 81 individual miRNAs of 18 miRNA families. There have been some discrepancies between the two datasets. For instance, we did not identify miR168 and miR482 families in our results, and instead, members of the other 16 shared miRNA families were found much more in our results (Supplementary Table S2 ). The discrepancy may be due to several possible reasons. On one hand, the KACST genome reference we used in this study is 605.4 Mb in size [4] , much larger than the Qatar genome assembly that is 382 Mb in size. Obviously, the former has more material for an in-depth discovery. On the other hand, we checked the criteria applied to determine conserved miRNA candidates in the previous report and found that the maximum mismatch allowed between the predicted candidate miRNAs and the known miRNA reference sequences was 4 nucleotides. In contrast, a stricter criterion (the 3 nucleotide maximum mismatch) was used in our study, leading to the null result of miR168 and miR482 discovery. Among the 54 miRNA families we identified, 12 miRNA families are first-identified in P. dactylifera, which had been known to be unique to dicots previously. More specially, miR477, which is only predicted in P. patens and another 7 dicots, and miR536, which is only identified in P. patens and S. moellendorffii, are now identified in P. dactylifera, which are the first-time reported miRNA belonging to these families in monocots. It is noteworthy that miR414, which has been found in 3 plant species, Arabidopsis thaliana, Oryza sativa, and P. patens, belonging to dicots, monocots, and mosses, respectively, is also found in P. dactylifera. These results suggest the complexity and specificity of the Pd miRNAs in the context of species evolution, where the gainand-loss of particular miRNAs can be related to their conserved functions.
The finding of miRNA*s with an abundance higher than their corresponding miRNAs
Under normal cellular condition in animals or plants, a miRNA: miRNA* duplex disassembles after being transported out of the nucleus to the cytosol, and the mature miRNA is incorporated into the RISC (RNA-induced silencing complexes) for target recognition, whereas the miRNA* strands are thought to be degraded rapidly [7] . Therefore, the miRNA levels are usually higher than their corresponding miRNA*. However, a recent study in plants proved that both miRNA and miRNA* can silence different targets [37, 38] , and ample studies have shown that miRNA*s can have a higher expression level than their miRNAs in plants [9, 35, 39] . Here, we also encountered similar situations; in our datasets, six miRNA*s (miR160a*, miR164b*, miR169b*, miR395f*, miR396a*, and miR5225*) are expressed at a higher level than their corresponding miRNAs (Supplementary Fig. S3 ; Supplementary Table S3 ), suggesting that these miRNA*s may be genuine products of their pre-miRNAs or that both the miRNAs and their miRNA*s may play important regulatory roles in fruit development and ripening. To analyze the function of these highly expressed miRNA*s, we used psRNATarget with default parameters to predict targets of these miRNA*s, and obtained 31 targets of 4 miRNA*s (Supplementary Table S9 in Ref. [20] ). The majority of potential targets predicted for miR160a* and miR5225* are transposon element-encoded transcripts, which have been also predicted as potential miRNA targets in rice [35] ; whereas miR395f* was predicted to target some conserved transcription factors including GRAS, MYB, HLH, and F-box; these results suggest conserved functions of some miRNA*s among plant lineages and species.
3.3. Conserved and non-conserved targets of miRNAs in P. dactylifera
The identification of miRNA target genes is essential for functional analysis. To identify the function of Pd miRNAs, we used psRNATarget, a web server, for genome-wide analysis. Our results confirmed, as have been shown in other studies, that many miRNAs and their targets are conserved among plant species from mosses to flowering plants. For example, each of miR156, 159, 160, 164, 166, 171, and 172 is predicted to target one exclusive transcription factor family in Arabidopsis, rice, grapevine, soybean, tomato, and mosses, and the functional conservation suggests that the regulation of target gene expressions by their corresponding miRNAs arose early in plant evolution. We also predicted some new targets in this study; for example, for the conserved miR167, we predicted TPS:trehalose 6-phosphate synthase/phosphatase as its new target, which has not yet been reported in other plant species.
In addition, 874 targets for 199 novel miRNAs are also predicted in our study. Comparing the targets of conserved miRNAs, we found that the novel Pd miRNA targets exhibit more diverse functions, not limited to TFs, although some of them still do. For example, the novel miRNAs 049, 111, 200, and 212, similar to the conserved miR172, target AP2; the novel miRNAs 052, 057, 150, 218, and 219, similar to the conserved miR171, target GRAS; the novel miRNAs 030, 032, 070, 089, 188, and 241, similar to the conserved miR156, target SBP; the novel miRNAs 005 and 160, similar to the conserved miR164, target NAC; and the novel miRNAs 065 and 258, similar to the conserved miR159, target MYB. These results suggest that some novel miRNAs, or a fraction of species-specific miRNAs in general, together with their conserved counterparts, may play regulatory roles in a synergetic way to control the expression of the conserved targets.
Roles of miRNAs in P. dactylifera fruit development and ripening
The P. dactylifera fruit development and ripening is a complex process, including a series of highly coordinated molecular and cellular events associated with unique transcriptomic profiles, and studies have shown gene regulations in complicated metabolic activities, such as the synthesis of starch and other related sugars [3, 4] . In our data, many of the predicted target genes are associated with function-conserved transcription factors involved in fruit development.
Phytohormones are important for plant growth and development [40] . Studies on tomato fruit development have shown that auxin is a key regulator of tomato fruit set and development [11] . In our data, miR160 has the potential to target five auxin response factors (ARFs), and albeit expressed at a particularly low level during P. dactylifera fruit development; it is closely related to the high transcriptional activity of ARFs [41, 42] .
Date development and its ripening are highly relevant to sugar accumulation and polysaccharide-to-monosaccharide conversions, including a series of events, such as carbon fixation, starch hydrolysissynthesis, and glucose-fructose accumulation. Our KEGG analysis defined miRNAs that play roles in carbon metabolism, starch-sucrose metabolism, fructose-mannose metabolism, glycolysis, and citrate cycle. For example, a novel Pd miRNA, pda-nov-miR110, is predicted to target sucrose-phosphate synthase (SPS), a key enzyme in sucrose synthesis, showing a higher expression level at the late stages, and the result agrees with a previous study in P. dactylifera [4] . Three genes encoding β-amylases are predicted to be targeted by eight novel Pd miRNAs in our study, which are a group of key enzymes involved in starch-sucrose metabolism. One target of pda-nov-miR215 is predicted to be pyrophosphate:fructose-6-phosphate 1-phosphotransferase (PFP), which catalyzes the reversible reaction of fructose 6-phosphate (Fru 6-P) and pyrophosphate (PPi) to fructose 1,6-bisphosphate (Fru 1,6-P 2 ) and inorganic phosphate (Pi) [43] ; it is gradually being upregulated in fruit development.
Conclusion
Our combined approach based on computational and experimental methodology has worked well in the genome-wide identification of miRNAs in P. dactylifera, revealing dynamic regulation of miRNAs between individual developmental stages of P. dactylifera fruit development and ripening. We contribute basic information and expression patterns of 514 miRNAs to the Pd miRNA repertoire, especially the FDA miRNAs, for further study on fruit development and ripening. Our miRNA-target correlation analysis is also affirmative, where confirmation of the common mechanisms and suggestive novel mechanisms are both assured. Our datasets and initial analysis provide essential data and information for deciphering the complex regulatory network governing P. dactylifera fruit development and ripening.
Materials and methods
Plant materials
Samples were collected from P. dactylifera trees grown in Al-Kharj (24°08′54″N, 47°18′18″E), Saudi Arabia. Fruits of Khalas cultivar at different developmental stages, including 0 DAF (days after fertilization), 15 DAF, 45 DAF, 75 DAF, 105 DAF, and 120 DAF, were collected, washed with distilled water, frozen in liquid nitrogen, and stored at −80°C for further use.
Computational prediction of conserved miRNAs
In Fig. 1 in Ref. [20] , we summarized the procedure for searching conserved Pd miRNA homologues in miRBase (release 19.0). Briefly, all the known mature plant miRNA sequences were subjected to a BLAST search with P. dactylifera genome sequences using BLASTn [44] with the following parameter settings: expected values were set at 1000; the default word-match size between query and database sequences was set at 7; and the numbers of descriptions and alignments were raised to 1000. Sequences with no more than 3 mismatches to known miRNAs and a length between 18 and 25 nt were kept for further analysis. After removing repeat and protein-encoding sequences, the remaining sequences were subjected to do secondary structure folding. The candidate sequences along with 100-nt upstream and downstream flanking sequences were ran through RNAFold [45] . MFE (minimal folding free energy), AMFE (adjusted MFE), MFEI (minimal folding free energy index), length of sequence, percent of nucleotide (A, U, G, and C), A + U content, G + C content, and number of base pairs were calculated as previously reported. The following criteria were used to determine the candidates of potential miRNA or pre-miRNA: (1) the predicted mature miRNA was allowed to have 0-3 nucleotide mismatches in sequence with the best matched known plant mature miRNA and sequence length was between 18 and 25 nucleotides; (2) the RNA sequence can fold into an appropriate stem-loop hairpin secondary structure; (3) the predicted mature miRNA is located in one arm of the hairpin structure; (4) the predicted mature miRNA sequence had no more than 6 mismatches with its opposite miRNA* sequence in the other arm; (5) the predicted mature miRNA sequence had at least 16 base pairs involved in Watson-Crick or G/U base pairing with the miRNA* sequence in the stem portion of the hairpin; (6) no loop or break in the miRNA or miRNA* sequence; (7) the MFE allowed for a candidate pre-miRNA was −25 kcal/mol; (8) the A + U content of the candidate pre-miRNA was within 30%-70%; (9) the predicted secondary structure had a higher MFEI over 0.85.
Library construction, sequencing, and data analysis
Total RNAs were isolated from fruits using the CTAB (2%) method [46] , then RNase-free DNaseI was used to remove the DNA contamination for 15 min at 37°C. The RNA was quantified using NanoDrop™ Spectrophotomer ND-8000 and Qubit, and then checked on 1% agarose gel. Small RNA fractions (less than 40 nt) were isolated (FlashPAGE™ Fractionator system, Ambion) and cloned (SOLiD™ Small RNA Expression Kit, Applied Biosystems) according to the manufacturer's protocols. Sequencing data were acquired with SOLiD™ System 4.0.
The low quality reads were processed (RNA2MAP, RNA_pipeline_0.4.0) as follows. First, sequences that mapped to a dataset containing P. dactylifera rRNA, tRNA, snoRNA, mRNA and Rfam RNA families (excluding known miRNA sequences) were filtered. Second, sequences that could be perfectly mapped onto miRNA precursors and mature miRNAs of our previously identified conserved miRNAs were identified as known miRNAs. Third, the remaining unmapped reads were aligned to the genome sequence in attempting to identify novel miRNAs involved in fruit development and ripening in P. dactylifera. The reads that mapped to the genome sequence were considered as novel P. dactylifera miRNA candidates.
The candidate sequences along with 100-nt upstream and downstream flanking sequences were analyzed by running them through RNAFold. The basic criteria applied to predict the novel miRNAs are the same as previously used. Furthermore, only the candidates that satisfied the following criteria were considered as novel Pd miRNAs. First, to decrease background noise, small RNAs with a read number of less than 20 are filtered out. Second, small RNAs mapped to more than 10 loci in the P. dactylifera genome are excluded. Third, the candidates possessing their corresponding miRNA* sequences in at least one of the libraries or the mature sequence are detected from more than two libraries [9] .
Differential expression and quantitative real time RT-PCR analysis of miRNAs
To investigate the expression patterns of miRNAs among the six different stages of fruit development and ripening, the read count of each expressed miRNA was normalized to transcripts per million (TPM) using the following formula: normalized expression = actual read count / total read count × 1,000,000 [39] . After normalization, the expression was set to 0.01 for miRNAs that are not expressed. The differentially expressed miRNAs between two adjacent developmental stages were identified based on the following two criteria: p ≤ 0.001 and fold change ≥ 2 using "DEGseq" [47] , an R package. STEM (short time-series expression miner) was used for clustering and visualizing possible profiles of differentially expressed (DE) miRNAs [29] . The maximum unit change in model profiles between time points was adjusted to 1 and the maximum number of model profiles to 50. STEM was run by using the "log normalized data" option with all other settings set to the default.
Total RNA was extracted from fruit at each developmental stage. RNase-free DNase I (NEB, USA) was used to remove DNA contamination. Complementary DNA was synthesized from total RNA using miRNA-specific stem-loop primers obtained from a commercial service (Sangon, Shanghai) in a 15-μl reaction volume with the SuperScript™ II reverse transcriptase (Invitrogen). The reaction was incubated for 30 min at 16°C, followed by 60 cycles of pulsed RT at 30°C for 30 s, 42°C for 30 s and 50°C for 1 s to increase the sensitivity of miRNA detection [48] , then followed by 85°C for 5 min to inactivate the reaction. A 25-μl PCR reaction containing SYBR green mix (TIANGEN) was incubated in a 96-well optical plate at 95°C for 15 min, followed by 40 cycles of 95°C for 15 s, 60°C for 15 s and 72°C for 32 s, in a ABI 7500 Sequence Detection system. Melting curve analysis was carried out for each PCR product to avoid non-specific amplification. The comparative Ct method was used to calculate the fold change. All the stem-loop RT primers were designed according to Chen et al. [49] and listed in Supplementary Table S6 in Ref. [20] .
MiRNA target gene prediction and function analysis
The target genes of miRNAs were predicted according to their perfect or nearly perfect complementarity between miRNAs and the target genes through a homology algorithm. The potential targets of Pd miRNAs were predicted by using the psRNATarget web server with the default parameters [50] . Gene ontology annotation and KEGG pathways were applied to analyze miRNA targets based on their web tools.
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